Abstract. We tested laser diffraction particle size analysis in poorly coherent carbonate platform cataclastic breccias and unfaulted quartz-rich eolian sands, representing lowand high-strength granular materials, respectively. We used two different instruments with different sample dispersion and pumping systems and several wet analytical procedures that included different pump speeds, measurement precision tests with and without sample ultrasonication, and different dispersant liquids. Results of our work indicate that high strength material is not strongly affected by analytical operating procedures, whereas low strength materials are very sensitive to the pump speed, ultrasonication intensity, and measurement run time. To reduce such a data variability, we propose a workflow of analytical tests preliminary to the set up of the most appropriate SOP.
Introduction
Particle size distributions provide fundamental information for rock characterization and geological process description in earth sciences, including sedimentology, stratigraphy, structural geology, pedology, and volcanology (e.g. Krumbein, 1941; Irani and Callis, 1963; Engelder, 1974; Friedman, 1979; Sheridan et al., 1987; Rieu and Sposito, 1991) . In the last three decades, laser diffraction particle size analysers have proved to be an effective tool for providing particle size distributions of poorly coherent rocks and soils (Weiss and Frock, 1976; McCave et al., 1986; de Boer et al., 1987; Wanogho et al., 1987; Agrawal et al., 1991; Loizeau et al., 1994; Pye and Blott, 2004; Blott and Pye, 2006) . This is because they require little time for analysis, cover a wide size range, and require small size samples (e.g. Beuselinck et al., Correspondence to: F. Storti (storti@uniroma3.it) 1998), thus facilitating very detailed studies of particle size distributions in geological structures.
Laser diffraction particle size analysers provide indirect size measurements of spherically equivalent particles, based on the principle that particles of a given size diffract light through a given angle that increases logarithmically with decreasing size (e.g. Beuselinck et al., 1998) . In "wet procedures", a few grams of material are dispersed into a liquid that circulates across a quartz measurement cell illuminated by a laser beam (Fig. 1) . Different instruments have differently designed systems for stirring the dispersant liquid into the tank and ensuring its circulation through the measurement cell by mechanical pumping. A wide variety of standard operating procedures (SOP) can be set up in laser diffraction particle size analysers. They include the pump speed, the number of measurement runs, the length of the measurement time, and the use of dispersing agents and/or ultrasonication to aid sample disaggregation and dispersion (e.g. Blott et al., 2004; Sperazza et al., 2004) . It follows that measurement results, particularly when dealing with datasets produced by different operators and/or different instruments, can be influenced by the adopted SOP. Sample ultrasonication, for example, can aid particle disaggregation by collision or, in some cases, particle agglomeration (e.g. Mason et al., 2003; Blott et al., 2004) .
In this study we analysed particle size distributions of unfaulted quartz-rich (83% quartz, 9% plagioclase, and 8% feldspar) eolian sands from the Priverno quarry, on the Tyrrhenian side of the Central Apennines (e.g. Angelucci and Palmerini, 1961) , and carbonate cataclastic breccias from the active Assergi extensional fault system, which bounds to the south the Gran Sasso Massif in the Central Apennines, Italy (e.g. D 'Agostino et al., 1998) . Our results indicate that particle size data measurement by laser diffraction granulometry is not straightforward in fragile granular materials. We provide an analytical workflow for preliminary testing, which is propedeutic to final SOP determination Published by Copernicus Publications on behalf of the European Geosciences Union. in granular rocks. The proposed testing procedure can result appropriate for a wide variety of rock types, including cataclastic rocks in fault zones and clastic sediments that underwent burial-related grain microfracturing.
Instruments overview
Most granulometric analyses were performed with a Mastersizer 2000 laser diffraction granulometer and associated dispersion units manufactured by Malvern Instruments Ltd. This laser diffraction particle size analyser is designed for measuring particle sizes in the 0.02 to 2000 µm range by using a blue (488.0 µm wavelength LED) and red (633.8 µm wavelength He-Ne laser) light dual-wavelength, single-lens detection system. The light energy diffracted by the dilute suspension circulating through the cell is measured by 52 sensors. The light intensity adsorbed by the material is measured as obscuration and indicates the amount of sample added to the dispersant liquid. Light scattering data are accumulated in 100 size fractions bins, which are analysed at 1000 readings per second, and compiled with Malvern's Mastersizer 2000 software by using either full Mie or Fraunhofer diffraction theories (de Boer et al., 1987) . Light scattering data acquired by the Mastersizer 2000 granulometer were all mathematically inverted using the Mie theory, which utilizes the refractive index (RI) and absorption (ABS) of the dispersed granular material, and RI of the dispersant liquid. This theory is based on the assumption that: (1) particles are mineralogically homogeneous; (2) particles are spherical; (3) the optical properties of particle and dispersion medium are known; (4) suspension dilution guarantees that light scattered by one particles is measured before being-re-scattered by other particles.
Particle size distributions were measured from wet dispersions using both small (Malvern Hydro 2000 S) and large (Malvern Hydro 2000 MU) volume sample dispersion units available for the Mastersizer 2000 granulometer. The Hydro 2000 S unit has a capacity of 50 to 120 ml and is equipped with a continuously variable single shaft centrifugal pump and stirrer (up to 3500 revolutions per minute; in the following rpm), and by a continuously variable ultrasonic probe. The Hydro 2000 MU unit has a dispersion mechanism consisting of a sample recirculation head immerged into a standard laboratory beaker (capacity of 600 to 1000 ml), which contains a built-in stirrer and sample recirculation centrifugal pump (from 600 to 4000 rpm), and a continuously variable ultrasonic probe (maximum power is 20 µm of tip displacement). A comparative wet analysis was performed by a Cilas 930 laser diffraction granulometer manufactured by Cilas, which measures particle size distributions in the 0.2 to 500 µm size range of wet dispersions by diffraction of a laser light of 830 nm wavelength, based either on the Fraunhofer or Mie diffraction theories. Sample recirculation is achieved by two peristaltic pumps.
The analysed carbonate fault breccia sample, named CABRE3, was collected in the same site of sample CABRE1 described in Storti and Balsamo (2010) , and was sieved at 500 µm to account for the analytical size range of the Cilas 930 laser diffraction particle size analyser. Reproducible sub-sampling up to about 20 g weight of the total sample amount was achieved by using a Quantachrome Sieving Riffler-Rotary Sample Splitter. Sub-sample aliquots necessary to produce laser obscuration values between 10% and 15% were randomly selected from sub-samples (from 0.5 g to few grams) and added into the liquid-filled beaker for analysis.
Factors influencing data acquisition and processing from dilute suspensions: testing strategy
Both chemical and mechanical factors can influence light scattering data obtained from dilute suspensions (e.g. Sperazza et al., 2004) . Chemical interactions can in fact occur between dispersion medium, the analysed material and, possibly, dispersing agent. Mechanical sample alteration can be produced by two major factors: (i) ultrasonication during sample recirculation and (ii) centrifugal pump and stirrer speed. Moreover, the conversion of light scattering data into particle size distributions depends on the optical properties of both analysed material and dispersant liquid. The high variability of the optical properties of rocks and sediments commonly requires iterative data reprocessing unless essentially monomineralic materials are analysed (e.g. Sperazza et al., 2004 The pump speed test is labelled P t -test, where t is the measurement run time (i.e. the number of readings that are averaged in a single measurement), and consists of measurement runs performed on a given sub-sample aliquot, at different stirrer and pump speed (in the following simply referred to as pump speed) for a given t. The test starts with the set up of laser obscuration values between 10% and 15% at half of the maximum pump speed. The pump speed is then lowered to the minimum value and few (typically 10) measurement runs are performed before increasing the pump speed (typically by 100 rpm). Progressive measurement steps are carried out up to the maximum pump speed. Results are plotted in a mean diameter versus pump speed graph to select the most appropriate rpm value for further analyses. The measurement precision test is labelled MPt S , where S is the pump speed, and consists of measurement runs acquired at given pump speed and measurement run time during sub-sample recirculation through the measurement cell. Our MPt S analyses typically consisted of 100 measurement runs, which means some hundred thousands of instrument readings. Analysis of data trends is included in the measurement precision test to help selecting the most appropriate number of measurement runs and to prevent significant mechanical bias. Addition of sub-sample ultrasonication to the measurement precision test produces the ultrasonication test US, which is labelled as USd S , where d is the probe tip displacement in the Hydro 2000 MU dispersion unit. Chemical effects were investigated by repeating the above mentioned sample tests using different dispersion liquids. The suffix l is added to the appropriate test labelling in order to indicate the dispersion liquid used, which can be a solution with a dispersing agent. We did not use specific labelling for decalcified tap water by coupled magnetic and chemical commercial devices, which was used in most of our analyses. The reprocessing test consists of changing the optical properties of both granular material and dispersant liquid during light scattering data processing of a given analysis by the Mie theory through the Mastersizer 2000 software.
Our preferred workflow (Fig. 2 ) starts with a pump speed test to provide indications on the pump speed range for further testing. Short measurement run times (typically 5 s as a starting value) are used in pump speed analyses, in order to minimise sub-sample mechanical alteration without compromising the statistical robustness of the data. the mode and percentiles, among which D 10 , D 50 , and D 90 are the most common ones. Once the most appropriate parameters in terms of best sample recirculation, measurement run time, and measurement run number are selected, all information for defining the most appropriate SOP is available for a given dispersion liquid. The next step is to check the effectiveness of the selected dispersion medium by running the same test with different dispersion liquids. Comparison of all results leads to the selection of the final SOP, which can be repeated for several sub-samples to perform a sampling precision test ) that allows evaluating measurement reproducibility (Fig. 2) . The sequential logic of these tests implies that results from one test are then used to properly set up the following ones. Consequently, data interpretation is directly provided in subsections associated with the corresponding test descriptions. In most tests, for comparative purposes we acquired 100 28 F. Storti and F. Balsamo measurement runs regardless of indications from previous tests. This because of the short time required by laser diffraction particle size analysers to acquire light scattering data, thus encouraging the collection of large datasets from which sub-sets can then be easily extracted.
Pump speed test
Results of the P 5 -test of sub-sample aliquot SAND1a (i.e. 5000 readings of the scattered light energy distribution for each measurement run) are illustrated in Fig. 3 . Mean diameters show an asymmetric bell-shaped trend characterized by very low values at 600 and 700 rpm, a maximum at 1000 to 1200 rpm, and an almost flat envelope of mean diameter values at pump speed higher than 1800 rpm (Fig. 3a) .
The corresponding laser obscuration values show a much higher variability, with a peak at 900 rpm and a minimum at 1300 rpm, followed by a near constant increase at higher pump speed values (Fig. 3b) . The trend of D 10 , D 50 , and D 90 percentile data points strongly resembles the distribution of the mean diameters (Fig. 3c ). Granulometric curves averaged over 10 measurement runs indicate a strongly unimodal particle size distribution with some variability of both volume percentage and modal peak size between 900 and 1500 rpm. Conversely, almost overlapping curves support strongly consistent results at pump speed values greater than 2000 rpm (Fig. 3d ). The well sorted particle size distribution of the sample is illustrated by the pattern of clay, silt, and sand size fractions: starting from 700 rpm, the latter includes 100% of the analysed material (Fig. 3e) .
The P 5 -test of sub-sample aliquot CABRE3a shows an asymmetric bell-shaped trend characterized by very low values of mean diameters at 600 to 800 rpm, followed by an abrupt increase up to 1100 rpm (Fig. 4a) . With increasing the pump speed, mean diameter values rapidly decrease up to 1500 rpm and then continue to overally decrease quite slowly up to the maximum pump speed. The corresponding laser obscuration values show a rapid initial increase up to about 18% at 1000 rpm, followed by a rapid decrease towards the initial reference value (between 14.8% and 15.2%). A short-lived plateau occurs up to 2000 rpm and then obscuration constantly increases with increasing the pump speed (Fig. 4b) . The D 10 , D 50 , and D 90 percentiles show bell-shaped envelopes, qualitatively similar to that of the mean diameter (Fig. 4c) . From 2000 to 4000 rpm, the D 90 data point envelope shows a constant and significant decrease, while D 50 is characterized by a higher scattering and only a slightly decreasing trend. D 10 values decrease as well and at 4000 rpm reach almost half of the value at 2000 rpm. Granulometric curves averaged over 10 measurement runs, are characterised by a strongly asymmetric shape that includes a major peak in the coarser fractions and a subordered "long tail" in the finer ones (Fig. 4d) . With increasing the pump speed, the height of the major peak decreases and shifts towards finer modal values, and the volume percentage of finer particles (equivalent diameter smaller than about 100 µm) correspondingly increases. The pattern of clay, silt, and sand size fraction curves indicates an initial dominance of silt sizes, followed by their abrupt decrease and a corresponding increase of sand size fractions at pump speed values corresponding to the maximum mean diameter (Fig. 4e) . At pump speed values higher than 1500 rpm, the sand size fraction slightly varies about a plateau value, the silt size fraction slightly decreases, and the clay size fraction slightly increases.
Results of the P 1 -test of sub-sample aliquot CABRE3b are illustrated in Fig. 5 . The overall behaviour of this test is similar to the previous one, with a slightly higher scattering of mean diameter and percentile values. Granulometric curves do not show the almost constant shape evolution that characterises those acquired at 5 s of measurement run time, despite the overall trend is comparable with the latter. A comparative P 5 -test of sub-sample aliquot CABRE3c was performed with the Hydro 2000 S dispersion unit. The overall behaviour is quite similar to the previous test, with very low mean diameter values at 500 rpm, a maximum at 1200 rpm, and a decrease up to 2000 rpm. The last steps, with pump speed increments of 500 rpm, show quite small variations (Fig. 6a) . A P 5 -test by the Hydro 2000 S dispersion unit of sub-sample aliquot SAND1b, from 500 to 2500 rpm, shows a bell-shaped distribution of mean diameter values similar to that produced by using the Hydro 2000 MU dispersion unit (Fig. 6b) . Comparison of pump speed test results from sample CABRE, acquired at 5 s of measurement run time by the Hydro 2000 MU and S dispersion units, shows that the former systematically provides higher mean diameter values at low pump speed ranges up to 1100 rpm, including the highest one (Fig. 6c ). In the 1200 to 1600 rpm range, higher mean diameter values are provided by the Hydro 2000 S unit. At higher pump speed, values provided by the two dispersion units are similar.
Interpretation of the pump speed test results
The meaning of the bell-shaped curve provided by pump speed tests is not straightforward. Low velocity stirring and pumping favour sedimentation of coarser particles at the bottom of the beaker and/or slow motion in the recirculation unit and measurement cell, thus producing initial size distributions biased towards the finer particles. The rapid increase of mean diameter values derives from the improved recirculation of progressively coarser particles with increasing the pump and stirrer speed. The highest mean diameter values can either relate to the actual particle size distribution, or to an artefact caused by stagnation/slow motion of coarser material in the measurement cell. In the first case, the subsequent decrease of mean diameter values should indicate ongoing particle size reduction, accompanied by a significant increase of laser obscuration at values higher than the initial reference interval. For sub-sample aliquot CABRE3a, such an increase occurs at pump speed values higher than 2100 rpm, whereas obscuration remains almost constant and within the initial reference interval from 1500 to 2000 rpm (Fig. 4b ). This evidence suggests that highest mean diameter values are coarseward biased through inefficient sample recirculation, and that values in the plateau characterizing both mean diameter and laser obscuration values, correspond to the most likely measurement runs. In CABRE3b the obscuration data point plateau adjacent to the maximum value is not well developed and, conversely, it seems to indicate a slight increase of finer material during measurement. However, analysis of the D 10 , D 50 , and D 90 percentiles does not indicate significant particle size reduction despite significant scattering.
The behaviour of obscuration values associated with subsample aliquot SAND1a is different and this can relate to the different rock type and size. Initial values very close to zero can be explained by the very good sorting of the sample, almost totally consisting of sand-size particles that, at very low pump speed, are almost entirely deposited at the bottom of the beaker. The constant increase of laser obscuration values at pump speed higher than 1300 rpm indicates an increase of the material amount in the dispersion unit. Percentiles, however, would support much smaller size variations (Fig. 3c ). This apparently contrasting evidence can be reconciled by admitting an increase of very fine particles and negligible overall particle size reduction. The source of such extremely fine grained material is likely collision-induced surface polishing of quartz grains, which are originally coated by iron hydroxide thin films imparting them a slightly orange colour. The same colour characterized water in the beaker at the end of the analyses. Results from the pump speed tests illustrated above can be schematically explained by a composite trend of mean values as a function of pump speed values, where four major stages can be identified (Fig. 7) : (1) an initial segment characterized by very low mean diameter values, which is interpreted to indicate fineward bias by ineffective material recirculation into the dispersion unit and measurement cell; (2) the adjacent, bell-shaped segment containing the maximum mean diameter values, which is interpreted to indicate coarseward bias by ineffective material recirculation; (3) the third, flat-lying or slowly dipping segment, which is interpreted to indicate effective material recirculation without significant mechanical alteration, thus providing the most effective pump speed size range for further analyses; (4) the fourth segment, characterised by progressively decreasing mean diameter values indicating the occurrence of significant mechanical alteration and consequent fineward biasing of the sample material data.
The geometry of this last segment might be also influenced by a differential velocity between coarse and fine particles: being the recirculation of the latter faster, this might create the illusion of a higher content of fines.
Measurement precision test
Results from the pump speed test on the SAND1 sample indicate negligible influence of this parameter for values higher than 2000 rpm. We performed a MP2500 5 test (i.e. 2500 rpm of pump speed and 5 s of measurement run time) on subsample aliquot SAND1c (Fig. 8) . Mean diameter values display only slight variation between the 100 runs, as do the the corresponding mode values (Fig. 8d) . This indicates that no material finer than sand was produced during measurement runs (Fig. 8e) .
The pump speed test for sample CABRE3 indicates that 2000 rpm is the most suitable pump speed value to ensure effective material recirculation without very invasive mechanical alteration. Moreover, 5 s of measurement run time are expected to provide more statistically robust results than 1 s. Accordingly, we initially performed a MP2000 5 , test on subsample aliquot CABRE3d (Fig. 9) . Mean diameter values show significant scattering and a slightly decreasing trend with time, while laser obscuration progressively increased. The value of D 50 , and D 90 percentiles show a pattern similar to the mean diameter, being the scattering of the former particularly higher. On the other hand, D 10 percentile values are extremely small. Selected granulometric curves are quite similar apart from the first run (Fig. 9d) . The corresponding modal values show a much higher mode for the first run, followed by a drop of about 140 µm in the second one. Slightly higher values characterize runs 3 to 5, and then very similar values pertain to the following runs (about 350 µm) with the exception of the last one, which has a higher mode, slightly higher than 400 µm. The distribution of sand, silt and clay size fractions shows a scattered pattern about a slightly decreasing trend for the sand size, less scattering about a slightly increasing trend for the silt size, and negligible scattering with near constant values for the clay size fraction (Fig. 9e) .
Data from MP tests at 1200 rpm and 4000 rpm pump speed, respectively, performed for comparative purposes on the influence of pump speed, are illustrated in Fig. 10 . The first test is characterised by extremely high data scattering, whereas in the second case scattering is quite small, average diameter values are lower, and laser obscuration values increase at higher rate than the corresponding ones acquired at 2000 rpm. Comparative measurement precision Mean diameter (mm) Fig. 10 . Comparison between measurement precision test results performed on sample CABRE3 at the pump speed velocity corresponding to the mean diameter peak value of the pump speed test (Fig. 3a) , and at the maximum pump speed, respectively. tests designed to investigate the influence of measurement run time were performed at 2000 rpm pump speed and 1 s, 10 s, 20 s, and 40 s of measurement run time, respectively. The MP2000 1 , test on sub-sample aliquot CABRE3g (Fig. 11) is characterised by intense scattering of mean diameter values that show an increasing trend with increasing the run number (i.e. time). Intense scattering also occurs in D 50 , and D 90 percentiles and in the sand, silt and clay size fraction data. The selected granulometric curves show a higher variability and a non systematic trend, compared to the corresponding ones acquired at 5 s of measurement run time, as also indicated by the corresponding modal values (Fig. 11d) . For a constant total duration of the measurement precision test, increasing the measurement run time causes a decrease of mean diameter data scattering and more linearly increasing trends of laser obscuration values (Fig. 12) . We also ran a MP 5 test on sub-sample aliquot CABRE3k by using the Cilas 930 laser diffraction particle size analyser. Results provided significantly smaller mean diameter values with respect to those provided by the Mastersizer 2000, and these values systematically decreased through time, as indicated by the very good linear best fit (Fig. 13) .
Plotting mean diameters of test MP2000 5 averaged every five measurement runs, indicates a progressive decrease of values with time. In particular, such a decrease can be effectively fitted by an exponential curve, and the highest variation occurs between the first two points (Fig. 14a) . A similar trend characterises the corresponding modal values, despite higher scattering (Fig. 14b) . A detail of laser obscuration data for the first ten runs shows a very slight, almost linear increase, which reaches about 1% at the end of the test (Fig. 14c) . are quite similar and have a modal peak of about 400 µm that remains unchanged also after 50 and 100 runs (Fig. 14d) . In particular, the third run curve provides the coarsest distribution, and the corresponding D 10 , D 50 , and D 90 percentiles and modal value are outliers with respect to the overall trend of the other data ( Fig. 14e-g ). This evidence questions the validity of the third run data.
Interpretation of the measurement precision test results
The measurement precision test provided contrasting results depending on the rock type. Carbonate cataclastic breccias are sensitive to the material recirculation time (i.e. the number of measurement runs and/or the measurement run time), whereas eolian sand data remains almost unaltered through time. In particular, in carbonate cataclastic breccias a significant difference occurs between the first run and the following ones, suggesting that only short recirculation times ensure a small mechanical bias to particle size data from wet suspension analyses.
Ultrasonication test
An ultrasonication test on eolian sand was performed on subsample aliquot SAND1d, using the maximum ultrasonication probe tip displacement (20 µm), 2500 rpm of pump speed, and 5 s of measurement run time (US20 5 ). Mean diameters remain almost constant in the first 26 runs, with an average value of 270.8 µm, and then suddenly steps down to an average value of 262.3 µm in the remaining 73 runs of the test. The average value over 100 runs is 264.5 µm (Fig. 15a) .
Laser obscuration values increase of about 12.5% during the test (Fig. 15b) . When only the first 10 granulometric curves are compared, they show a virtually constant modal peak at about 259 µm. The corresponding volume percentage drops of about 1.75% from curve 7 onward (Fig. 15c) . Modal values remain almost constant for the entire test, about an average value of 258.5 µm (Fig. 15d ). Contrasting these 10 curves from the ultrasonication test, against the first one from the measurement precision test on sub-sample aliquot SAND1c indicates negligible differences (Fig. 15c ).
Ultrasonication intensities of 2.5 µm, 5 µm, 10 µm, and 20 µm of tip displacement were applied to the carbonate cataclastic breccia, using a pump speed of 2000 rpm and 5 s of measurement run time. Results indicate that increasing the ultrasound energy causes (i) a faster decrease of mean diameter values, which passes from linear to power law best fit curves, (ii) higher increases of laser obscuration, and (iii) a decrease of average modal values up to 10 µm, which remain almost constant when the maximum probe tip displacement is used (Fig. 16) . Analysis of granulometric curves pertaining to the first 10 runs and to runs 50 and 100 in each test shows a progressively increasing difference between first run curves and the remaining ones with increasing the ultrasonication probe tip displacement (Fig. 17) . Moreover, shape differences among curves increase, particularly between test US2.5 5 and the remaining ones, and the modal peak volume percentage of the bulk of the curves in each test decreases with increasing ultrasonication intensity. Comparison of the first run curves from tests with and without ultrasonication shows that the latter provide a significantly coarser particle size distribution in the modal peak (Fig. 17e) . The influence of ultrasonication is also illustrated by the difference between first-run modal values and those averaged over the first 10 runs of the corresponding tests. The greater difference occurs when no ultrasonication was used. The smaller difference occurs at the minimum ultrasonication intensity and then it increases up to the US10 5 test.
Interpretation of the ultrasonication test results
Results from ultrasonication tests indicate negligible effects on eolian sand, particularly when only the first 10 to 20 runs are considered, according to the measurement precision test evidence. On the other hand, in the carbonate cataclastic breccia sub-sample aliquots, ultrasonication has a much greater influence causing significant particle size reductions after few measurement runs, as indicated by the concomitant reduction of mean diameter and mode values, by the increase of laser obscuration, and by the increase of volume percentages in the 0.5 µm to 100 µm segments of granulometric curves. Even after a single measurement run, ultrasonication is able to shift fineward the modal peak value of particle size distributions by 60 to 80 µm.
Chemical test
In wet analyses, liquid dispersants can wet microfractures and help cohesion loss, thus favouring disintegration of microfractured particles. Fracture aperture thresholds for capillarity permeability depend on the surface tension of the dispersant liquid. Accordingly, dispersant liquids with low surface tensions are expected to enhance particle disintegration in cataclastic materials, whereas this effect should be negligible for intact particles. To test this hypothesis, denaturated ethyl alcohol was used as dispersant liquid for data acquisition from eolian sand by performing a MP2500 5al , test on sub-sample aliquot SAND1e. Results are very consistent, as illustrated by the almost constant mean diameter values, by the flat lying best fit line of mode values, and by the very similar granulometric curves in the first 10 runs, which provide an extremely good overlap with the first curve from the same test using decalcified tap water as dispersant liquid (Fig. 18) .
The corresponding modal values show an initial decrease of less than 5 µm, reaching a plateau value after 4 runs. Two measurement precision test were performed on CABRE3p and CABRE3q sub-sample aliquots, using denaturated ethyl alcohol and demineralised water, respectively (Fig. 19) . The first test provided quite scattered mean diameter and mode values, both characterized by flat-lying best fit lines, which are smaller than the corresponding ones obtained from demineralised water of about 70 µm and 53 µm, respectively. The increase of laser obscuration values is greater for the dispersion in denaturated ethyl alcohol. Analysis of granulometric curves pertaining to the first 10 runs indicates a higher variability for measurements acquired in denaturated ethyl alcohol, of both curve shape and modal peak elevation (Fig. 19g, h ). Such a higher variability is confirmed by the analysis of the corresponding modal values. Finally, comparison with the first run curve from the same test using decalcified tap water as dispersant liquid, indicates that granulometric curves obtained from the denaturated ethyl alcohol suspension have much greater differences with respect to the corresponding ones acquired using demineralised water as dispersant liquid.
Interpretation of the chemical test results
Test results indicate that the use of denaturated ethyl alcohol has a negligible influence on data acquisition in quartz eolian sand. Variations of mean diameter and mode values are less than 5 µm, which fall inside the variability associated with sub-sampling, even in well sorted sediments like dune sands. On the other hand, the same dispersant liquid causes a decrease of about 75 µm of mean diameter values when carbonate cataclastic breccia is analysed. The evidence that, when demineralised water is used, results are very similar to those from the corresponding test in decalcified tap water rules out any significant bias produced by sub-sampling and supports particle fragmentation during suspension recirculation. This is well illustrated by the systematic decrease of modal peak volumes and size, and by the corresponding increase of volume percentage values in the 0.5 µm to 110 µm segments of granulometric curves in Fig. 19g . Higher variations occurs after only two runs. It is worth noting that many other dispersants could be used, as well as various pretreatments. However, performing detailed investigations on this is out of our purposes in this paper.
Reprocessing test
The first run of the MP2500 5 test was selected for data reprocessing following favourable behaviour in previous tests. Changing RI values from 1.4 to 1.8 causes negligible effects in eolian quartz sand (sub-sample aliquot SAND1c), as illustrated in Fig. 20 . The corresponding granulometric curves almost perfectly overlap and percentiles and modal values show a very small variability. The same result was obtained when varying ABS values from 1.00 to 0.01 (Fig. 21) . Changing RI in carbonate cataclastic breccia (first run of test MP2000 5 on sub-sample aliquot CABRE3d) causes some variability in the corresponding grain size distributions, particularly from RI = 1.4 to RI = 1.6 (Fig. 22) . Analysis of residuals associated with best fit curves indicates that the most appropriate RI value is 1.6. Higher values, however, do not significantly influence the computed particle size distributions, as lower values do particularly for the volume percentage of sizes lower than about 2 µm (Fig. 22b) . The major effect of changing ABS values from 1.00 to 0.01 on CABRE material is to progressively shorten the tail of granulometric curves, from about 0.25 µm (ABS = 1.00-0.50) to 0.6 µm when ABS = 0.01 (Fig. 23) . For ABS lower than 1.00, decreasing values and a decrease of modal values. Analysis of residuals associated with best fit curves indicates that the most appropriate ABS value is 0.01. Finally, changing the RI values of the dispersant liquid has negligible effects on eolian quartz sand, and an influence on CABRE material that is comparable to what is produced by changing RI of carbonate particles (Fig. 24) .
Interpretation of reprocessing test results
Results of these tests indicate that in the case of the analyzed materials, the sensitivity of light scattering data reprocessing by the Mie theory is mainly governed by the particle size range, rather than by their optical properties. In fact, the very good sorting of sample SAND1 results in a virtually insensitive behaviour to reprocessing, while the large spanning of sizes in CABRE3 enhances the sensitivity of particles finer that about 2 µm.
Discussion
Results illustrated above indicate that particles with different strength respond in a very different way to the same testing strategy during particle size determination by laser diffraction. Quartz eolian sand provided virtually identical particle size distributions regardless of the adopted operating procedure. On the other hand, carbonate cataclastic breccia is very sensitive to operating procedures. Such a contrast indicates that the variability associated with the sample CABRE3 does not depend on instrumental bias, but instead it relates to the peculiar fabric of cataclastic rocks derived from massive protoliths like platform carbonates. First run granulometric curves from the four tests listed above, compared with the first run curve from test MP2000 5 on sub-sample aliquot CABRE3d (Fig. 9 ). The inset graph shows the modal values of the same first run cuves (filled dots, same colour code) compared with modal values averaged over the first 10 runs of the corresponding tests (empty dots, same colour code). In fact, in this case particles are produced by multiple fracturing, rolling and grinding of material within fault zones (e.g. Borg et al., 1960; Storti et al., 2003; Sammis and Ben Zion, 2008) . Particle size depends on the relative strength distribution along cleavage and microfracture sets as a function of the applied stress (e.g. Sammis et al., 1987) . Accordingly, the mechanical behaviour of these carbonate cataclastic particles can be compared to that of sedimentary particles made of cohesive aggregate grains. Conversely, multiple collisions of quartz particles during eolian transport along coastal dunes ensures effective exploiting of preexisting flaws. The resulting rounded particles are strong enough for being not significantly influenced by mechanical solicitations in laser diffraction particle size analysers.
It follows that determining the appropriate operating procedure bears a fundamental importance for heavily microfractured materials, while it has secondary effect when high strength particles are analysed. In the latter case, only pump speed can influence the final results by not ensuring effective particle recirculation in the dispersion unit. However, given the high strength of this material, pump speed values close or higher than half of maximum speed (e.g. 2000-3000 rpm) can be used without expecting any significant mechanical bias. On the other hand, operating procedures as less invasive as possible are required when analysing fragile granular materials. In this case, finding the proper analytical workflow benefits of some general guidelines for broad sample categories, followed by further specific refinements. Moreover, selecting an effective instrumentation plays a fundamental role to determine particle size distributions of fragile materials. According to our tests, peristaltic pumping during sample recirculation introduces a systematic bias to the final results and, consequently, laser diffraction analysers adopting this technical solution are inappropriate. On the other hand, centrifugal pumping provides a much more flexible and effective solution for analysing fragile materials. (g) Granulometric curves computed for the first 10 runs in (a), compared with the first curve from the test MP2000 5 on sub-sample aliquot CABRE3d (Fig. 9) . (h) Granulometric curves computed for the first 10 runs in (d), compared with the first curve from the test MP2000 5 on sub-sample aliquot CABRE3d (Fig. 9) . The inset graph show the comparison between modal values corresponding to the curves in (g) (filled dots) and in (h) (empty dots). Finally, it is worth noting that, despite the effectiveness of statistical parameters like mean diameter, percentiles, and others, they cannot replace the use of granulometric curves for comparing results from different tests. This because very similar average values can relate to very different granulometric curves (e.g. Selley, 2000) .
Conclusions
Particle size distributions significantly contribute to the description of many geological processes including sedimentation, rock fragmentation and soil formation. Modern laser diffraction particle size analysers ensure fast data acquisition over a wide size range, coupled with the appropriate flexibility for analysing very different granular materials. This flexibility, however, can produce severely biased results when inappropriate analytical operating procedures are used, particularly on fragile materials. We analysed both high strength (eolian quartz sand) and low strength (carbonate cataclastic breccia) essentially monomineralic materials to test the impact of different analytical operating procedures involving particle dispersion into a liquid, on the obtained particle size distributions. Our results can be summarised by the following points:
1. centrifugal pumping the particle-liquid dilute dispersion at the most appropriate pump speed is crucial in wet analyses of granular material to prevent (i) dramatic underestimating coarser particles when ineffective pumping and stirring allow particle sedimentation; (ii) overestimating coarser particles when ineffective pumping and stirring allow transient particle stagnation within the measurement cell; (iii) underestimating coarser particles when fast pumping and stirring produce significant particle size reduction in low strength material during measurement running;
2. high strength material is not significantly influenced by the adopted instrumentation and standard operating procedure, provided that effective sample recirculation is obtained in the dispersion unit;
3. adding ultrasonication in wet analyses of low strength material systematically causes mechanical particle size reduction during measurement that, however, is less effective than that caused by fast pumping and stirring during sample recirculation and mainly produces very fine particles by polishing of the larger ones; 4. in low strength material, the number of averaged measurement runs has to be carefully determined by statistical data analysis of large datasets in order to ensure robust outputs and minimize mechanical biasing of particle size during recirculation in the dispersion unit;
5. Selecting appropriate optical properties for the analysed sample material and dispersant liquid, respectively, is particularly important for fine and very fine particles, as coarser particles are less affected by this parameter. We propose a workflow as a guideline for addressing particle size determinations by laser diffraction granulometry. Application of this procedure is typically flexible due to the great variability of analysed materials and the common need of several iterations before reaching the most statistically robust results. Systematic support of laser diffraction granulometric data by preliminary test results performed to select the adopted operating procedure is necessary. The lack of information on this can contribute to misleading data interpretation and data comparison. (Fig. 8 ) using quartz RI = 1.5, quartz ABS = 0.1, and variable RI values of decalcified tap water from 1.33 to 1.45. (b) Granulometric curves obtained by reprocessing the first run data from test MP2000 5 on sub-sample aliquot CABRE3d (Fig. 9 ) using calcium carbonate RI = 1.6, quartz ABS = 0.01, and variable RI values of decalcified tap water from 1.33 to 1.45.
